1. Introduction {#s0005}
===============

Mithramycin, MTR ([Fig. 1](#f0005){ref-type="fig"}) is a DNA-binding antitumor antibiotic of the aureolic acid group isolated from soil borne bacteria like *Streptomyces plicatus* [@b0005]. At physiological pH, it exists in anionic form (p*K*~a~ = 5.0). It inhibits tumor cell growth without affecting normal cells [@b0010] via inhibition of Sp1 gene. This is attributed to the ability of MTR to cross the nuclear membrane, bind to GC rich DNA sequences and block the Sp1 transcription factor from its binding sites on the promoters of oncogenes such as Myc to inhibit their expression [@b0015; @b0020]. Its neuroprotective ability was tested *in vitro* and *in vivo* employing different model systems [@b0025; @b0030; @b0035; @b0040; @b0045]. The major hurdle for drugs to be used in brain targeting is their ability to cross the blood--brain barrier which MTR can achieve [@b0030]. It was reported to improve altered nucleosome homeostasis in HD mice, normalizing the chromatin modification pattern [@b0050]. One of these studies showed that it has the ability to rebalance epigenetic histone modifications like acetylation and methylation [@b0050] and has been used in preclinical trials in Huntington's disease (HD). MTR is currently in Phase 2 clinical trial at NIH Clinical Center for treatment of osteosarcoma where it presumably functions via inhibition of EWS-FLI1 pathway [@b0055]. Earlier it had been employed in the treatment of various neoplastic diseases like chronic myelogenous leukemia, testicular carcinoma, pancreatic cancer and prostate cancer [@b0060; @b0065; @b0070; @b0075; @b0080; @b0085; @b0090; @b0095]. Anionic form of MTR has the ability to bind bivalent cations and form high-affinity antibiotic--metal ion complexes (1:1 and 1:2 stoichiometry in terms of metal:antibiotic), which bind to the chromosomal DNA in GC selective manner via the minor groove at and above physiological pH [@b0100; @b0105]. Thus MTR--metal complex acts as the substrate for DNA binding [@b0105; @b0110; @b0115; @b0120; @b0125]. Its antitumor activity is ascribed to its GC specific recognition that permits MTR to bind to numerous promoter regions, thereby regulating the expression of downstream genes. It effectively inhibits the expression of proto-oncogenes like *c-myc*, *c-Ha-ras* and *c-myb* [@b0130; @b0135; @b0140; @b0145].

Current studies from our laboratory have shown the histone binding potential of DNA binders and their ability to alter histone post-translational modifications (PTMs) [@b0150; @b0155]. Hence it is likely, that MTR may have additional interacting partners in chromatin. Taking a cue from the above studies, we have examined the binding properties of MTR with other prospective cellular targets namely histone proteins with an objective to classify small DNA binding molecules in terms of their ability to bind chromosomal DNA alone (single binding mode) or both histones and chromosomal DNA (dual binding mode) [@b0150; @b0155; @b0160; @b0165].

The current study reports the association of MTR with core histones and its functional consequence. The interactions are enthalpy driven with apparent dissociation constants of micromolar order. The noteworthy feature of this interaction is that unlike MTR--DNA interaction, bivalent metal ion such as Mg^2+^ is not a requirement for the association of MTR with core histones. We have picked up few histone modifications related to transcription regulation and have found that MTR is a potent inhibitor of K18 acetylation mark of histone H3, both *in vitro* and *ex vivo*. Taken together, our results indicate that MTR exhibits a dual binding mode to both DNA and core histones and can specifically modulate epigenetic signature implicated in transcription [@b0030; @b0170]. Thus this study opens up a new aspect of the mode of action of the antibiotic, MTR.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Chemicals were purchased from Sigma Chemical Company, USA, unless otherwise specified. Recombinant histones H1^0^, H2A, H2B, H3.3, H4, H2A--H2B dimer and H3.1--H4 tetramer were from New England Biolabs. Anti-acetyl-Histone H3 (Lys18 and Lys 27) antibodies were purchased from Abcam and anti-acetyl-Histone H3 (Lys 9) antibody was from Millipore. The secondary anti-rabbit antibody was from Abcam. Chemiluminescent substrates were from Thermo Scientific (SuperSignal West Pico Substrate) and the developer and fixer solutions were from Kodak. Histone acetyltransferase CBP and GCN5 were from Enzo Life Sciences. The commercial histones were dialyzed extensively against 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl prior to experiments.

2.2. Methods {#s0020}
------------

### 2.2.1. Preparation of MTR solution {#s0025}

Stock solution was prepared in Milli Q water and the concentration was determined spectrophotometrically using the molar extinction coefficient (*ε* = 10,000 M^−1^ cm^−1^) [@b0175] at 400 nm. The ratio of absorbance of MTR at 400--440 nm was checked to be above 3.3 to rule out any bivalent metal contamination.

### 2.2.2. Preparation of chromatin samples {#s0030}

Chromatin and chromatosomes were isolated from liver of male albino Sprague--Dawley rats following standard protocol [@b0180]. Internationally recognized guidelines were followed for all experiments using rat. The experiments were performed with the approval for ethical clearance from Institutional Animal Ethics Committee, IAEC (Approval No.: IAEC/BI/09/2012), Bose Institute, Kolkata. In brief, rat liver nuclei were isolated [@b0155; @b0180; @b0185] and chromatin was prepared by partial digestion with micrococcal nuclease. Long fragments and chromatosomes were separately collected by centrifugation through a 5--25% linear sucrose density gradient. All samples, prior to experiment were dialyzed extensively against 10 mM Tris--HCl, pH 7.0 containing 15 mM NaCl and mononucleotide concentrations of the samples were determined spectrophotometrically using the molar extinction coefficient (*ε*~260~) of 6600 M^−1^ cm^−1^.

Core octamer was prepared from chicken erythrocytes using the method described by Peterson and Hansen [@b0190]. Prior to experiments, the core octamer was dialyzed against 10 mM Tris--HCl, pH 7.0, 2 M NaCl. Concentration of core octamer was determined using the molar extinction coefficient (*ε*~230~) of 507,233 M^−1^ cm^−1^.

### 2.2.3. Steady state fluorescence measurements {#s0035}

The fluorescence emission spectra of MTR were monitored in presence of recombinant histones, core octamer, H2A--H2B dimer, H3--H4 tetramer, chromatin/chromatosome and N-terminal histone peptides where MTR/protein ratio was gradually increased. The samples were excited at 470 nm in order to avoid photodegradation of MTR [@b0125]. The excitation and emission slit widths were kept at 10 nm and the scan speed was 200 nm/min. An incubation time of 3 min was maintained before each reading. The measurements were performed in a Perkin Elmer LS 55 Luminescence Spectrometer at 25 °C.

### 2.2.4. Isothermal titration calorimetry {#s0040}

MTR was titrated against histones H2A, H2B, H3.3 and H4 in a Microcal ITC 200 microcalorimeter at 25 °C with a constant stirring speed of 300 rpm. Control experiment was performed for each system to subtract the background heat of dilution. The resulting thermogram was fitted employing one set of binding sites model of Levenberg--Marquardt nonlinear least squares curve fitting algorithm, inbuilt in the MicroCal LLC software.

### 2.2.5. Circular dichroism study {#s0045}

The circular dichroism measurements were performed in a Spectropolarimeter from Bio Logic Science Instruments, France and data were analyzed with inbuilt Bio-Kine 32 V4.49-1 software. The measurements were performed at 25 °C. The molar ellipticity was plotted against the wavelength. Acquisition duration was fixed at 2 s and the required wavelength range was scanned at 0.5 nm intervals. Each spectrum was an average of 4 accumulations and the corrected spectra were obtained by subtraction of the appropriate control.

### 2.2.6. Electron microscopy {#s0050}

Chromatin was extensively dialyzed against HEGN buffer (10 mM Hepes, pH 7.5; 0.25 mM EDTA; 10% glycerol; 15 mM NaCl). It was treated with MTR at a ligand:DNA base ratio of 0.2 and incubated for 3 h at 25 °C in a water bath. Treated and untreated samples were processed for electron microscopy study as detailed in the [Supplemental methods section](#s0125){ref-type="sec"}.

### 2.2.7. Dynamic light scattering {#s0055}

Dynamic light scattering was used as a tool to examine MTR-induced alteration of chromatin structure, if any. The parameter monitored was the hydrodynamic diameter of untreated and MTR-treated chromatin. The detailed procedure is provided in the [Supplementary section](#s0125){ref-type="sec"}.

### 2.2.8. Histone acetyltransferase (HAT) assay {#s0060}

Standard HAT assay protocol was followed as reported previously [@b0195]. 2 μg of recombinant histone H3 was incubated in HAT assay buffer containing 50 mM Tris--HCl, pH 8.0, 10% (v/v) glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM EDTA, pH 8.0, 0.1 mM sodium butyrate at 30 °C for 10 min in the presence and absence of MTR followed by addition of 1 μL of acetyl-CoA and further incubated for another 10 min at 30 °C. The final reaction volume was 30 μL. The acetylation reaction was terminated by chilling. Histone was precipitated by trichloroacetic acid (TCA) and analyzed on a 15% SDS page followed by Western blot analysis. The acetylation marks probed were H3K18 (dilution 1:5000 in 3% skim milk prepared in TBST), H3K9 (dilution 1:10,000) and H3K27 (dilution 1:1000). Signals were generated using chemiluminescent substrates in a dark room on X-ray films providing very short exposures of ∼2 s and the blots were developed using developer and fixer solutions.

### 2.2.9. Flow cytometry analysis {#s0065}

HeLa cells (untreated or treated with 10 μM MTR for 9 h) were subjected to flow cytometry analysis as described in the [Supplemental methods section](#s0125){ref-type="sec"}.

### 2.2.10. Cell viability assay (MTT assay) {#s0070}

MTT assay was performed following standard protocol [@b0200] to test the cell viability upon MTR treatment. The method is detailed in the [Supplementary section](#s0125){ref-type="sec"}.

### 2.2.11. Cell culture and MTR treatment {#s0075}

HeLa cells were maintained in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum (Gibco) and penstrep (10 μL/mL of medium, Gibco) at 37 °C in 5% (v/v) CO~2~.

For MTR treatment, HeLa cells were plated in 90 mm dishes (Nunc) at a density of 1.2 million cells per dish. The cells were treated with 10 μM MTR for 9 h. After treatment, the cells were observed under light microscope and processed for immunoblot analysis.

### 2.2.12. Immunoblot analysis {#s0080}

HeLa cells were harvested after rinsing with 1× PBS and whole cell extracts were made in Laemmli buffer (4% SDS, 20% Glycerol, 120 mM Tris, pH 6.8) as per standard protocol [@b0205]. Total protein extracts were boiled in 5× SDS buffer and analyzed in a 15% gel followed by Western blotting. The blot was probed with H3K18Ac primary antibody (dilution 1:10,000).

### 2.2.13. Confocal microscopy {#s0085}

For immunofluorescence staining, HeLa cells were grown in 35 mm tissue culture dish (Nunc) with a cover slip at a density of 0.3 million cells per dish. They were treated with different concentrations (0.1--10 μM) of MTR for 9 h. The cells were rinsed with 1× PBS and then fixed with 4% PBS at room temperature for 10 min. The cells were subsequently permeabilized in 1% Triton X-100 for 10 min at room temperature. Cells were blocked with 3% BSA in PBS, incubated with anti-rabbit-H3K18Ac antibody (Active Motif) at a dilution of 1:1000, followed by Alexa 568 conjugated anti-rabbit--antiserum at a dilution of 1:1000 for 1hour each at room temperature. The cover slips were mounted onto a glass slide with a commercial mounting medium (Invitrogen). The slides were visualized in Andor Spinning Disk Confocal Microscope and multiple images were taken at different fields. Higher magnification images were taken in a super resolution microscopy N-SIM (Nikon) equipped with Nikon Imaging Software (NIS). Detailed statistical analysis was done to quantify the extent of repression of H3K18 acetylation upon increasing concentration of MTR treatment, using Image J software.

### 2.2.14. Gene expression analysis upon MTR treatment {#s0090}

In order to understand the basal level effect of MTR on gene expression, we used the publically available microarray data of MTR treated sarcoma cell line from NCBI GEO with series accession number GSE25127. The data consist of two cell lines TC71 and TC32, which were treated with or without MTR and differential gene expression analysis was performed in 12 arrays (three biological replicates per cell line/treatment). The detailed procedure for data analysis is described in the [Supplementary section](#s0125){ref-type="sec"}.

3. Results {#s0095}
==========

3.1. Evidence for physical association of MTR with core histones and the associated energetics {#s0100}
----------------------------------------------------------------------------------------------

Interactions of MTR:M^2+^ complexes (M^2+^: bivalent metal ion such as Mg^2+^) with DNA or chromatin have been well-characterized [@b0100; @b0105; @b0110; @b0120; @b0125; @b0210]. Since core histones are integral components of chromatin, MTR could have a potential histone interacting ability in the cellular context. However, there is no report yet on the interaction of anionic MTR with histone(s) at or near physiological pH. We have characterized here the association of MTR with histones by means of steady state fluorescence and circular dichroism spectroscopy. Histone concentration dependent decrease in fluorescence emission intensity of MTR upon addition of individual core histone proteins suggests their complex formation. The fluorescence spectrum of MTR (*λ*~ex~ = 470 nm) [@b0125], is progressively quenched in presence of increasing concentrations of histone(s) H2A, H2B, H3 and H4 ([Fig. 2](#f0010){ref-type="fig"}A and [Fig. S1](#s0125){ref-type="sec"}). The plot of emission intensity at peak (540 nm) against histone concentration is characteristic of a linear binding isotherm originating from the association between the histone(s) and MTR. Curve fitting analysis [@b0120; @b0210; @b0215] shows that MTR binds to histones with micromolar dissociation constant ([Table 1](#t0005){ref-type="table"}). Conformational alteration of MTR in presence of core histones was probed by CD spectroscopy. The molar ellipticity of MTR decreased in presence of core histones supporting the complex formation ([Fig. 2](#f0010){ref-type="fig"}B for histone H3 and [Fig. S2](#s0125){ref-type="sec"} for the rest). The core histones are assembled under *in vivo* conditions as an octamer [@b0220]. At physiological ionic strength (150 mM NaCl) histone octamer stripped off DNA exists as dimer--tetramer equilibrium [@b0225]. Under *in vitro* conditions such octamer is formed at high salt concentration of 2 M NaCl [@b0225]. We, therefore, studied the association of MTR with hierarchical levels of octamer assembly, viz. individual core histones ([Fig. 2](#f0010){ref-type="fig"} and [Fig. S1](#s0125){ref-type="sec"}), H2A--H2B dimer, H3--H4 tetramer ([Fig. S3](#s0125){ref-type="sec"}) and octamer ([Fig. 3](#f0015){ref-type="fig"}A) by means of fluorescence to check if there is any difference in the nature of interaction. In case of octamer, the band around 550 nm in the emission spectrum of free MTR gives way to a red-shifted new band around 600 nm. The equilibrium between free and octamer bound MTR was indicated from the binding isotherm obtained from a plot of the emission intensity of MTR at 600 nm against the input concentration of the octamer. The significant red shift of the emission peak of MTR can be ascribed to alteration in the local physical environment of the chromophore in MTR which is possibly caged into the assembled octamer. The contribution of other parameters such as electrostatic interaction of the anionic MTR with positively charged amino acid in the N-terminal tails in the histone also appears to be a plausible factor. The dissociation constant value of 0.60 ± 0.01 μM is relatively lower than the corresponding values for the individual histone(s) implying stronger association when the core histones form octamer. The concentration dependent variation in molar ellipticity of core histone octamer with gradual addition of MTR ([Fig. 3](#f0015){ref-type="fig"}B) is another evidence for MTR-octamer association. The possibility of interaction of MTR with the tail peptides, if any, was also checked. The emission intensity of MTR decreases upon progressive addition of H3 tail peptide (residues 1--21, [Fig. 2](#f0010){ref-type="fig"}D). [Fig. S4](#s0125){ref-type="sec"} shows the percentage change in fluorescence intensity of MTR at the emission maximum as a function of input concentration of the N-terminal tail peptides (of histone H2A, H2B, H3 and H4). The results suggest a preferential interaction between MTR and the N-terminal tail (1--21 residues) of H3.

Association of MTR with core histone(s) and the energetics of the interactions were quantitated by means of ITC. Representative thermograms for the titration of MTR with histones, H2A, H2B, H3, and H4 are shown in [Fig. 2](#f0010){ref-type="fig"}C and [Fig. S5](#s0125){ref-type="sec"}. The thermodynamic parameters obtained by ITC are summarized in [Table 2](#t0010){ref-type="table"}. The association with histone(s) has also been carried out at high salt concentration to eliminate the possibility of non-specific association ([Fig. S6 and Table S2](#s0125){ref-type="sec"}). The interactions are enthalpy driven and enthalpy--entropy compensation accounts for the overall free energy change for the reactions. In order to investigate the ability of MTR to interact with linker histones (if any), ITC and fluorescence measurements were performed. No significant interaction between MTR and linker histone H1 was scored by either of the two methods ([Figs. S1D and S5D](#s0125){ref-type="sec"}). The interaction of MTR with core histones might induce structural alterations like compaction/decompaction of chromatin as caused by other DNA binding small molecules [@b0150; @b0185]. The possibility was examined using DLS and EM. The hydrodynamic diameter of chromatin was monitored in absence and presence of different concentrations of MTR by DLS. The *Z*~av~ diameter of chromatin was found to be 132.8 nm in absence of MTR and the same was noted to be 131.8 nm at a ligand: DNA base ratio of 0.25 ([Fig. S7A](#s0125){ref-type="sec"}). EM images of untreated and MTR-treated chromatin ([Fig. S7B](#s0125){ref-type="sec"}) suggest that MTR causes no significant alteration of chromatin structure. The chromatin network is retained in presence of MTR and no change in the compactness of chromatin was observed upon MTR treatment. These data rule out the possibility of H1 eviction by MTR.

3.2. Metal-independent binding of MTR to chromatin {#s0105}
--------------------------------------------------

It was previously proposed that MTR binds to chromatin only in presence of bivalent metal ions like Mg^2+^ via minor groove of DNA [@b0210]. Here we have shown that the interaction of MTR with chromatin occurs even in absence of Mg^2+^. In contrast to the interaction with free histones, the fluorescence intensity of MTR at 540 nm increases ([Fig. 4](#f0020){ref-type="fig"}, panels A and D) with addition of aliquots of chromatin/chromatosome and eventually reaches a plateau. The dissociation constant is in the micromolar range ([Table S1](#s0125){ref-type="sec"}). Notable feature is that the association in all cases described above is stronger than that was reported in case of chromatin with the MTR:Mg^2+^ complexes [@b0105; @b0210]. Chiro-optical properties of MTR in the visible region were monitored to examine its association with chromatosome and chromatin. The CD spectral behavior of MTR in presence of chromatin ([Fig. 4](#f0020){ref-type="fig"}C) and chromatosome ([Fig. 4](#f0020){ref-type="fig"}F) is similar to that of interaction of MTR with individual histones corroborating the proposal that MTR interacts with histones in chromatin/chromatosome.

3.3. Role of MTR as an epigenetic modulator {#s0110}
-------------------------------------------

The cell modulates nucleosome mobility and turnover via chemical modifications of histones. We have demonstrated that MTR binds to core histones and we have also observed an interaction between MTR and histone H3 tail (1--21 amino acids). N-terminal tails of the core histones undergo PTMs and impact chromatin structure and function. Taking a cue from literature, where histone interacting small molecules are found to modulate its PTMs (such as histone acetylation) [@b0150; @b0155; @b0230] we went on to check whether MTR can alter histone acetylation. We have picked up few commonly studied N-terminal acetylation marks of histones H3 and H4. H3K18Ac, an important transcription activation mark, is altered in presence of MTR both *in vitro* and *ex vivo*. *In vitro* HAT assay using CBP HAT domain, showed that MTR inhibits H3K18Ac ([Fig. 5](#f0025){ref-type="fig"}A). Acetylation levels at two other acetylation sites H3K9Ac (by GCN5) and H3K27Ac (by CBP) [@b0235] were not altered in presence of MTR ([Fig. 5](#f0025){ref-type="fig"}B and C). Neither did we notice any change in the acetylation levels of H4K5Ac and H4K8Ac (by CBP) ([Fig. S8](#s0125){ref-type="sec"}). Since H3K18Ac was altered *in vitro*, we further investigated the modulation of H3K18Ac mark in cellular context. It was found that MTR inhibits H3K18Ac in a dose dependent and time dependent manner in HeLa cells by immunoblot analysis ([Fig. S9](#s0125){ref-type="sec"}). Reduction in acetylation level was prominent upon 10 μM MTR treatment for 9 h ([Fig. 5](#f0025){ref-type="fig"}D, compare lanes 1 and 2) and almost total inhibition was found upon 20 μM MTR treatment for 12 h ([Fig. 5](#f0025){ref-type="fig"}D, compare lanes 1 and 3). The variation in H3K18 acetylation status was further monitored by confocal microscopy. Titration of different ligand concentrations in HeLa cells ([Fig. S10](#s0125){ref-type="sec"}) showed a prominent repression (∼50%) in H3K18Ac level upon treatment with 10 μM MTR ([Fig. 5](#f0025){ref-type="fig"}E).

There could be a possibility that the reduction in H3K18Ac is an indirect effect through the cytotoxic ability of MTR. In order to ascertain whether the dosage and time course of MTR treatment induce apoptosis in HeLa cells, MTT assays were performed. However, no significant cell death was observed even after 15 h of MTR treatment ([Fig. S11D](#s0125){ref-type="sec"}). To reconfirm this observation and additionally monitor if MTR can at all influence cell cycle stages, flow cytometry analysis was carried out. There was no significant change in the stages of cell cycle upon MTR treatment ([Fig. S11A](#s0125){ref-type="sec"}).

Literature report shows that SGR, a histone interacting small molecule capable of modulating histone PTMs can affect global gene expression [@b0150]. Since MTR binds to core histones and alters an important epigenetic signature in HeLa cells, we were interested to do a gene expression analysis as a sequel to the ligand treatment. From available literature data [@b0240] we have seen that MTR can alter the global gene expression in sarcoma cell lines (TC32 and TC71). Further, a subset of genes that were differentially expressed also harbored H3K18Ac. These two separate observations prompted us to make a reanalysis of microarray data (with statistical significance) and also compare the H3K18Ac enrichments in the gene sets which were differentially expressed. We wanted to check whether MTR exhibits a basal level activity irrespective of the cell lines. In our reanalysis we observed genome-wide repression of gene expression upon treatment with MTR in TC32 (870 genes were down regulated and 288 genes were up regulated) and TC71 (532 genes were down regulated and 115 genes were up regulated) cell lines. Unsupervised hierarchical clustering ([Fig. 6](#f0030){ref-type="fig"}) showed high degree of similarity in differential expression in both the cell lines. We have also generated Biological Analysis Networks (BAN) which shows the key cellular pathways influenced by MTR ([Fig. S12](#s0125){ref-type="sec"}). Thus MTR is a regulator of histone H3K18Ac *in vitro* and *ex vivo* which could be modulating global gene expression.

4. Discussion {#s0115}
=============

Current report demonstrates the physical association of MTR with core histone(s) in the absence of a bivalent metal ion. This interaction occurs even at high ionic strength thereby suggesting the specific nature of the recognition among the histone(s) and MTR and ruling out the possibility of non-specific association of the anionic MTR with positively charged histone(s). Till date the transcription inhibitory potential of MTR has been ascribed to its DNA binding ability [@b0015; @b0020]. Earlier reports by our group had shown that the binding of DNA and chromatin with MTR occurs only in the presence of bivalent metal ions like Mg^2+^ [@b0100; @b0105; @b0125; @b0210]. The interaction of MTR:M^2+^ complexes with chromatin was proposed to be via the minor groove of DNA with the histone proteins having a negative impact on the binding interactions between antibiotic:Mg^2+^ complexes (complex I, 1:1 in terms of MTR:Mg^2+^ and complex II 2:1 in terms of MTR:Mg^2+^) and DNA [@b0210]. So, the present report of the association of MTR with histone proteins indicates an additional intracellular mode of action of MTR. It places MTR among the list of DNA binding small molecules exhibiting dual binding mode in the chromatin context [@b0150; @b0155; @b0160; @b0165]. It is noteworthy that the association of MTR with histones does not require the presence of bivalent metal ion like Mg^2+^.

Steady state fluorescence spectroscopy characterizes an association of MTR with core histone components of chromatin. The difference in the trend of fluorescence change of the chromophore in MTR upon association with chromatin, individual histones and core octamer can be ascribed to the altered electronic environment and other parameters such as the local polarity of the histone bound MTR. Literature reports show that there is an enhancement in the fluorescence intensity when MTR binds to DNA in presence of Mg^2+^ [@b0125] whereas fluorescence intensity decreases upon binding of MTR to bivalent metal ions, like Mg^2+^, Zn^2+^, etc. [@b0100; @b0245]. The physical environment in case of DNA, chromatin, free histones and assembled octamer are different. Hence the peak position and the trend in variation of emission intensity of the chromophore in MTR differ in these scenarios.

Since we have observed that binding affinity of MTR follows the order: core histones \> naked DNA \> DNA/histone complex, it might be proposed that MTR binding to DNA is partially precluded by core histones. MTR binds to chromatin/chromatosome even in absence of Mg^2+^ and the apparent dissociation constants obtained suggest that the major mode of binding of MTR in chromatin differs in presence and absence of the bivalent metal ion Mg^2+^ ([Table S1](#s0125){ref-type="sec"}).

Absence of any radical change in the CD spectral shape of MTR upon association with histones implies that the binding could originate from surface complementarity followed by favorable non-covalent interactions. It is worth-mentioning that CD spectroscopy is a frequently used tool to examine ligand--macromolecule interaction [@b0210; @b0150; @b0250] and was employed to study the association of daunomycin (minor groove binder) and mitoxantrone (intercalator) with histones [@b0255; @b0260].

The thermodynamic scenario of MTR--histone(s) interactions was obtained from ITC. Negative enthalpy changes might be attributed to the stacking interactions and hydrogen bonding between the potential loci of MTR and its counterparts in histone, both amide backbone and side chains. Additionally, electrostatic interactions of the anionic MTR with positively charged side chains of the histones possibly contribute to the favorable negative enthalpy changes. The negative entropy values might originate from the ordering of the water molecules at the surface of the histones and MTR as a sequel to the association.

The dissociation constant values characterizing histone--MTR association are not same by the two methods, fluorescence and ITC. Such disagreement of the two methodologies is not counter-intuitive and was justified earlier in case of polymer-small ligand association [@b0265]. It has been attributed to higher concentration of the polymer and ligand necessary to obtain measurable enthalpy change.

To throw light on the specificity of MTR--core histone(s) interactions, experiments were designed to check if MTR interacts with the linker histone. Results from both steady state fluorescence spectroscopy and ITC provide direct evidence that MTR has no binding affinity towards linker histone H1. It may also be noted that MTR does not induce gross structural alteration of chromatin by histone H1 eviction as observed through EM and DLS measurements. Thus the hierarchical level of chromatin folding is not adversely affected in presence of MTR.

We have also examined whether MTR, like other dual binders [@b0150; @b0155; @b0230], modulate histone modifications. MTR could selectively alter H3K18Ac but not H3K9Ac/H3K27Ac. Acetylation levels of histone H4 at lysine K5 and K8 were also unaffected in presence of MTR. These observations indicate that probably MTR has a site-specific interaction to histone H3 tail and could be sequestering the key residues which are modified by the HAT enzyme. Thus various sites modified by the same HAT are differentially affected by MTR, indicating probably the mechanism is not through enzyme active site targeting.

H3K18Ac is also altered in presence of MTR in the cellular context. The ligand concentration chosen had no effect on cell survivability as observed through MTT assay and flow cytometry analysis. Ability of MTR to bind DNA and core histones and selectively modulate histone post-translational modification implicates its role in regulating global gene expression. Genome-wide perturbation of gene expression upon treatment with MTR in sarcoma cell lines (TC32 and TC71) observed from reanalysis of microarray data reveals that apart from the genes involved in DNA binding (eg. Zinc finger transcription factors) those involved in regulation of chromatin function including histone modification ([Supplementary_Doc2, Table I](#s0125){ref-type="sec"}) were differentially expressed. The alteration of H3K18Ac upon MTR treatment in HeLa cells is possibly a basal activity of the ligand as genes harboring H3K18Ac have been found to be down-regulated in MTR treated other cell lines. Thus, although speculative, the altered gene expression could be following a similar trend in HeLa cells. Earlier studies on chromatin binding molecules capable of altering histone modifications have reported alteration in the gene expression upon ligand treatment [@b0150]. In case of SGR, there is no preference for up-regulated or down-regulated genes. Since MTR represses the expression of H3K18Ac, a transcription activation signature, we speculated a global down-regulation of gene expression upon MTR treatment. In accordance, we indeed find a repression of gene expression upon MTR treatment by reanalyzing the microarray results.

In summary, we have identified the dual binding potential of MTR in the chromatin context and have shown that MTR modulates H3K18Ac status, an epigenetic signature of active chromatin. Its histone binding potential suggests an additional mode of action of MTR. Further, its ability to affect global gene expression indicates a complex mechanism of action of MTR in biological context where DNA and core histones exist as competing binding substrates. This new finding could have a broader biological implication and lends a new dimension to the role of MTR in the cellular context.

Appendix A. Supplementary data {#s0125}
==============================

Supplementary Fig. S1Binding isotherms obtained from fluorimetric titration of MTR with human recombinant histones H2A (A), H2B (B) H4 (C) at 25 °C. The insets show the emission spectra of 2 μM MTR in 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl in presence of increasing concentration of the histones. *λ*~ex~ = 470 nm. (D) Emission spectra of 2 μM MTR in presence of increasing concentrations of linker histone H1. Inset shows the variation of fluorescence intensity of MTR at emission maximum with increasing concentration of H1.Supplementary Fig. S2CD spectra of 8 μM MTR in 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl at 25 °C in absence (black) and in presence of 1 μM (red); 4 μM (green) histones H2A (A), H2B (B) and H4 (C) in the visible range.Supplementary Fig. S3Fluorimetric titration of MTR with histone dimer/tetramer. Emission spectra of 2 μM MTR in 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl at 25 °C in presence of H2A-H2B dimer (A) and H3--H4 tetramer (B). *λ*~ex~ = 470 nm. Panels (C), (D) show the corresponding fitted isotherms obtained by non-linear curve fitting analysis.Supplementary Fig. S4The percentage change in emission intensity at the emission maximum of MTR (540 nm) upon interaction with H2A, H2B, H3 and H4 tail peptides at 25 °C.Supplementary Fig. S5ITC profiles for the interaction of MTR with histones H2A (A), H2B (B), H4 (C) and H1 (D) at 25 °C in 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl. The lower panels contain the background heat subtracted fitted isotherms. H1 does not interact with MTR, so binding isotherm could not be obtained in (D).Supplementary Fig. S6ITC to examine MTR--histone interactions at high salt. Thermograms for the interaction of MTR with histones H2A (A), H2B (B), H3 (C) and H4 (D) at 25 °C in 10 mM Tris--HCl, pH 7.0 containing 1 M NaCl. The lower panels contain the background heat subtracted fitted isotherms.Supplementary Fig. S7(A) Dynamic Light Scattering measurements to study the effect of MTR on the hydrodynamic diameter (*Z*~av~) of chromatin. Intensity statistics of 10 measurements each are plotted for each sample. Error bars indicate standard deviations. Standard deviations of *Z*~av~ values obtained from three independent sets of experiment are within 5%. (B) Electron Microscopy images of untreated and MTR treated chromatin. The scale bar is 2000 nm. Chromatin was treated with MTR for 3 h at MTR/DNA base ratio of 0.2Supplementary Fig. S8*In vitro* HAT assay to examine the effect of MTR on H4 acetylation at K5 and K8.Supplementary Fig. S9Time dependence and dose dependence Western blot analysis of MTR-treated HeLa cells. β-Actin has been used as loading control.Supplementary Fig. S10MTR-induced repression of H3K18 acetylation in HeLa cells as monitored by confocal microscopy. (A) Representative population of untreated and 10 μM MTR-treated HeLa cells for 9 h. The scale bar is 10 μM. (B) Quantification of the extent of repression of H3K18 acetylation upon increasing concentrations of MTR treatment (0.1--10 μM), using Image J software. Statistical analyses were performed over 300 cells in each case.Supplementary Fig. S11(A) Flow cytometry analysis of MTR-treated and untreated HeLa cells (\[MTR\] = 10 μM, treatment duration = 9 h). (B--D) MTT assay to assess HeLa cell viability upon 10 μM MTR treatment for 9, 12 and 15 h respectively.Supplementary Fig. S12BAN (Biological Analysis Network) of differentially expressed genes and biological processes. Network of differentially expressed genes and biological processes shows high degree of down regulation in (A) TC32 cell line treated with MTR, as compared to (B) TC71. Biological processes are colored in (violet blocks) and genes are colored (green for down regulated and orange for up regulated) by their fold change upon treatment compared with untreated cell line. Among them a good number of differentially expressed genes are associated with chromatin regulation, DNA binding, histone modification, cell cycle, development, diseases, miRNA, neuronal, signal transduction and transcription.Supplementary MethodsReanalyzed microarray data showing the significant biology.Supplementary_miRNAList of differentially expressed genes depicting statistical and biological significance in TC32 and TC71 Ewing Sarcoma cell lines.Supplementary_Doc1Differentially expressed genes targeting miRNA.Supplementary_Doc2List of differentially expressed genes depicting statistical and biological significance.Supplementary Table S1Dissociation constants of interaction of MTR and MTR:Mg^2+^ (complex 1) with chromatin/ chromatosome at 25 °C as obtained from Spectrofluorimetric Analysis.Supplementary Table S2Thermodynamic parameters of MTR--histone interactions as obtained by ITC at 25 °C in 10 mM Tris--HCl, pH 7.0 containing 1 M NaCl.
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![Chemical structure of mithramycin (MTR).](gr1){#f0005}

![(A) Binding isotherm for the interaction of MTR with histone H3 in 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl at 25 °C obtained from steady state fluorescence spectroscopy. Inset shows the emission spectra of 2 μM MTR in absence (black) and presence of increasing concentrations (0.5 μM, red; 1 μM, blue; 2 μM, green) of human recombinant histone H3. *λ*~ex~ = 470 nm. (B) Circular dichroism spectra of 8 μM MTR in 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl at 25 °C in absence (black) and presence of 1 μM (red) and 4 μM (green) histone H3 in the visible range. (C) ITC profile for the association of MTR with histone H3 at 25 °C in 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl. The lower panel contains the background heat subtracted fitted isotherm. Emission spectra of 2 μM MTR in 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl at 25 °C in absence (black) and in presence of (2 μM, red; 4 μM, green; 9 μM, blue) N-terminal tail peptide H3 (residues 1--21). *λ*~ex~ = 470 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr2){#f0010}

![(A) Interaction of MTR with core octamer in 10 mM Tris--HCl, pH 7.0 containing 2 M NaCl at 25 °C: Binding isotherm obtained using non-linear curve fitting analysis. Inset: Emission spectra of MTR (2 μM) in absence (black) and in presence (red) of 3.3 μM core octamer. *λ*~ex~ = 470 nm. (B) Near UV CD spectra of 3.3 μM histone octamer in 10 mM Tris--HCl, pH 7.0 containing 2 M NaCl at 25 °C in absence (black) and in presence of increasing MTR concentrations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr3){#f0015}

![Emission spectra of 20 μM MTR in 10 mM Tris--HCl, pH 7.0 containing 15 mM NaCl at 25 °C in presence of increasing concentrations of chromatin (A) and chromatosome (D). *λ*~ex~ = 470 nm. Panels (B) and (E) show corresponding binding isotherms for MTR--chromatin/chromatosome interactions. Circular dichroism spectra of 15 μM MTR monitored at 25 °C in absence (black) and presence of chromatin (C) and chromatosome (F). Red curves represent 45 μM and blue curves represent 120 μM of chromatin/chromatosome respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr4){#f0020}

![*In vitro* HAT assay to examine alteration of H3K18 acetylation (A), H3K9 acetylation (B) and H3K27 acetylation (C) by MTR in recombinant histone H3. (D) Modulation of H3K18 acetylation, *ex vivo*, probed by Western blot analysis of MTR-treated HeLa cells. Extent of MTR-induced repression of H3K18Ac has been quantified by Image J software. (E) Inhibition of H3K18 acetylation in HeLa cells by MTR monitored by confocal microscopy. The scale bar is 10 μm.](gr5){#f0025}

![Unsupervised hierarchical clustering of differentially expressed genes (A) using Pearson uncentered algorithm with average distance matrix shows distinct patterns of up and down regulated genes upon treatment in comparison to untreated samples. Venn diagram representation (B) of up and down regulated genes between two cell lines indicates less number of genes that are commonly regulated by MTR.](gr6){#f0030}

###### 

Dissociation constants of MTR--histone interactions at 25 °C as obtained from spectrofluorimetric analysis.

  Histones            *K~d~* (μM)
  ------------------- -------------
  H2A                 0.96 ± 0.02
  H2B                 1.7 ± 0.05
  H3.3                0.66 ± 0.02
  H4                  1.25 ± 0.05
  H2A--H2B dimer      0.78 ± 0.03
  H3.1--H4 tetramer   0.77 ± 0.03

###### 

Thermodynamic parameters of MTR--histone interactions in 10 mM Tris--HCl, pH 7.0 containing 150 mM NaCl as obtained by ITC at 25 °C.

  Histone   *K~d~* (μM)    Δ*H* (kcal mol^−1^)   Δ*S* (e.u.)   Δ*G* (kcal mol^−1^)
  --------- -------------- --------------------- ------------- ---------------------
  H2A       0.05 ± 0.01    −14.8 ± 0.7           −16.2         −9.97
  H2B       1.4 ± 0.05     −14.1 ± 1.2           −20.4         −8.02
  H3.3      0.05 ± 0.01    −24.3 ± 0.96          −49.0         −9.70
  H4        0.051 ± 0.03   −24.3 ± 0.65          −48.1         −9.99
